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Abstract
Background:Hydrogen sul�de (H2S), as a toxic atmospheric and industrial pollutant, is one of the main
components of haze. Air exposure to H2S can cause multiple organ and tissue damage. However, studies
on the animal intestines of H2S toxicity are limited. To clarify the effect of H2S exposure on intestinal
proteomics and the role of autophagy in intestinal injury, in the present study, effects of H2S exposure on
jejunum damage of broilers were examined by establishing a 42-day H2S exposure broiler model.

Results:We observed the morphological changes that arose, screened differentially expressed proteins
(DEPS) and enriched related pathways via electron microscopy, proteomics and bioinformatics analyses,
qRT-PCR, and western blot. We obtained 86 proteins that were signi�cantly different under H2S exposure,
including proteins related to autophagy and ER stress regulation. Meanwhile, protein-transcriptomics
combined analysis found that autophagy and ER stress-associated pathways MAPK signaling pathway,
FOXO signaling pathway, mTOR signaling pathway and Autophagy were signi�cantly enriched. Besides,
the expression of the autophagy-related indicators LC3II/I, Dynein, Beclin1, BNIP3, and ULK1 were
remarkably up-regulated under H2S exposure (P < 0.05). In contrast, the activities of p62 and mTOR were
signi�cantly decreased (P < 0.05).

Conclusions: The above results indicate that H2S induced autophagy in the jejunum via the miR-181a-
PKC-δ axis activates ER stress to induce p38/JNK expression. In our study, the combined analysis of
proteomics and transcriptomics on broiler intestines was described for the �rst time and veri�ed the
selected pathways related to ER stress and autophagy. These results provide novel insights into the
toxicology of H2S and environmental research.

Highlights
H2S exposure triggers 55 DEPs up-regulation and 31 DEPs down-regulation in the broiler jejunum.

H2S exposure activates p38/JNK pathway through the miR-181a-PKC-δ axis, increasing autophagy.

H2S exposure triggers ER stress pathway via the miR-181a-PKC-δ axis, inducing autophagy.

Introduction
Hydrogen sul�de (H2S) has become one of the main features of air pollution with the development of
industry and agriculture. As a well-known environmental and industrial pollutant, H2S is one of the main
components of smog. It is mainly derived from volcanic eruption (Heggie, 2009), human activities and
sources such as the natural gas industry, garbage land�lls and sewage treatment plants (Yin et al., 2020).
Meanwhile, it has been reported that in modern poultry farms, H2S in poultry houses is one of the most
dangerous air pollutants in the by-products of fecal decomposition (Wang et al., 2011). As a highly toxic
and odorous gas, the highest average concentration of H2S in the environment is about 0.5-8ppb per hour,
which is related to land�ll odor and poses a severe threat to public health in the United States and other
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countries (Heaney et al., 2011). However, air pollution in the animal living environments poses a threat,
and potentially damages other aspects of animal welfare. For example, with the intensi�cation of the
poultry industry, H2S is a main harmful gas, affecting the health of poultry and workers in poultry farms
(Ni et al., 2020). Meanwhile, H2S is detrimental to the respiratory system, digestive system and nervous
system of humans and other animals (Chen et al., 2019). Studies have shown that acute exposure to high
concentrations of H2S could cause severe brain damage, and long-term neurological disorders (Kim et al.,
2016). Even exposure to low levels of H2S in a short time poses a health threat, as it is rapidly absorbed
into the lungs and causes blood poisoning (Carpenter et al., 2017). Excessive concentration of H2S in
poultry house not only affect the production performance of poultry, but also cause trachea necrosis,
respiratory system damage, in�ammation, oxidative stress and immune system damage in broilers (Li et
al., 2019). In addition, energy metabolism disturbance induced by inhalation of H2S is associated with
LPS mediated apoptosis. The intestine is a target organ of a variety of air pollutants (Guo et al., 2019).
Intestinal tissue is the target organ of various air pollution. It has been reported that H2S exposure
induced the activation of CYP450 and oxidative stress in the jejunum of broilers, which promoted
oxidative stress and caused jejunum tissue damage (Zheng et al., 2019).

MicroRNA (miRNA) is a kind of noncoding RNA composed of 21-25 nucleotides that participates in gene
expression regulation through base-pairing with the complementary mRNA 3'UTR sequence. MiRNAs
have become a focus of toxicology research. For example, a study found that under the in�uence of H2S,
miR-393 targeted TIR1 to improve organism resistance (Shi et al., 2015). Besides, miRNAs play important
roles in regulating autophagy. The study found that miR-181a induced essential in rat cardiomyocytes,
which resulted in cardiac hypertrophy (Li et al., 2017). Autophagy may be an important pathway of cell
death caused by H2S (Wang et al., 2017). The development of autophagy is complex and accompanied
by a variety of upstream regulatory signaling pathways. PRKCD (PKC-δ) is an important factor in
regulating autophagy, and its expression can induce autophagy (Lin et al., 2012). PKC-δ is also
associated with ER stress, which generates a stress response in colon cancer cells, eventually causing
cell death (Lim et al., 2008). Furthermore, ER stress also activates the expression of p38/JNK (Mishra et
al., 2018), which has been reported to promote FOXO1 activity(Fang et al., 2019; Yan et al., 2017). FOXO1
has been shown to activate autophagy through the mTOR and BNIP3 signaling pathways and thereby
increase the activities of LC3II/I and Dynein but decrease the activity of p62. A large number of studies
show that LC3 is a marker of autophagy, with increases in LC3 indicating the occurrence of autophagy
(Gong et al., 2019; Zhuang et al., 2019). The above observations show that PKC-δ induces autophagy
through the mTOR and BNIP3 signaling pathways under various of conditions.

Nowadays, proteomics, as an effective bioinformatics analysis method, has been applied more and more
in toxicology. Liu et al. used TMT-based quantitative proteomics to �nd that H2S caused in�ammation
and cell death in pig lung tissue through IL-17 and other signaling pathways (Liu et al., 2020).
Furthermore, Using proteomics, Ryzhikov et al. revealed how in�ammation affected the temporal
structure of autophagy in the mouse liver (Ryzhikov et al., 2019). The previous research in our lab found
that H2S exposure caused signi�cant changes in the jejunum transcriptome. However, the autophagy
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damage of H2S exposure in the jejunum of broilers and the mechanism of H2S-induced autophagy are
unclear. This study aimed to evaluate the pathological process with the participation in autophagy of
jejunum injury, to identify the jejunum proteomic changes, and to preliminary explain the mechanism of
intestinal autophagy induced by H2S. Therefore, we chose to construct the model of H2S exposure in
broilers, observed the ultrastructural changes of jejunum after H2S exposure by the transmission electron
microscope, and detected differentially expressed proteins (DEPs) in jejunum by proteomics and principal
component analysis (PCA). GO (Gene Ontology) enrichment, KEGG (Kyoto Encyclopedia of Genes and
Genomes) pathway performed to screen out signal transduction pathways signi�cantly affected by H2S
exposure, and to predict the targeted regulation of miR-181a and PKC-δ. The expression of miR-181a,
PKC-δ, JNK/p38, and autophagy-related indicators under H2S exposure were detected by qRT-PCR and
western blot. Our study to clarify the effects of H2S exposure on broiler jejunum proteomics. It provides a
new understanding of H2S toxicology and the foundation for comparative medicine.

Materials And Methods
Experimental animal model

All procedures performed in this study were approved by the Institutional Animal Care and Use Committee
of Northeast Agricultural University (SRM-11). Eighty (1-day-old) male and female (1:1) broilers (Weiwei
Co., Ltd., Harbin China) were divided into two groups at random: a control group and an H2S group. There
were 4 parallel subgroups in each group, with 10 broilers per subgroup. In the control group, broilers were
raised under normal conditions, without exposure to H2S gas. The room was �lled with anhydrous H2S
gas for 24 hours for 0-3 weeks in the H2S group. For 4-6 weeks, anhydrous H2S concentration was
maintained between 19.5mg/kg and 20.5mg/kg. All broilers were fed the same diet and water and
housed in two independent environmental control rooms that differed only in the injection of anhydrous
H2S gas. At the age of 42 days, 15 broilers were randomly selected for euthanasia. Jejunum tissues of
broilers were collected, immediately frozen in liquid nitrogen, and stored at -80℃ for further experiments.

Electron microscopic observation of jejunum in broilers

The jejunum tissue samples were �xed in 2.5% glutaraldehyde and 1% osmium solution, dehydrated with
an alcohol gradient stained with 4.8% uranyl acetate, and dried in the environment without moisture.
Then, ultrathin sections stained with uranyl acetate were used for observation via transmission electron
microscopy (GEM-1200ES, Japan).

Protein expression analysis

A total of 0.5mL protein extraction buffer (50 mM Tris-HCl, 4% SDS-PAGE, 100 mM NaCl, pH 8.0) was
added to each sample for protein extraction. The protein concentrations in the supernatant were then
analyzed using the BCA method. Proteomics analysis was done by the Proteomics Research Center of
Beijing Institute of Animal Science and Veterinary Medicine, Chinese Academy of Agricultural Sciences.
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Next, 100μg of proteins were subjected to trypsin digestion and labeling of different peptides. The mixed
labeled peptides were separated by high pH reversed-phase liquid chromatography with an Agilent 1290
high-pressure liquid chromatography system. Then, 2% acetonitrile + 0.1% formic acid water was used to
dissolve each polypeptide sample fully. The analyses were carried out on the Easy-NLC 1000 system
(Thermo Scienti�c) and Orbitrap Fusion Tribrid MS liquid chromatography-mass spectrometry system.
Then, the proteomes UP000002494 from the UniProt Proteomes database was searched for mass
spectrometry data using Maxquant (vision 1.6.4). Finally, quality control analysis was carried out,
including the evaluations of protein enzyme cutting effect and the accuracy and stability of mass
spectrometry results.

Difference factors enrichment, network, and pathway analyses

Complete transcriptomics data (Zheng et al., 2019) and proteomics data were used to identify data
differences, screen out GO terms and apparent signal pathways enriched by differentially expressed
factors through MetaboAnalyst 5.0, GO terms in database for functional annotation, KEGG database,
DAVID (version 6.8) and KOBAS databases. In the Metascape (A Gene Annotation & Analysis Resource)
and OmicShare (https://www.omicshare.com/), GO terms network and KEGG network help us determine
the signal pathways involved in this study. Using Cytoscape and STRING (version 11.0), we conducted
the interaction networks of the selected difference factors.

Quantitative real-time PCR (qRT-PCR)

Extraction of total RNA from the jejunum of broilers by the TRIzol method and transcribed them into
cDNA for further study as previously described (Wang et al., 2018). qRT-PCR was performed using SYBR®
Premix Ex Taq™ (Takara, Beijing, China) with the Light Cycler® 480 system (Roche, Basel, Switzerland).
We selected β-actin as an internal reference, and each sample was divided into three parallel groups. We
designed primer sequences (Table 1) using Primer Premier software 5.0 (Premier Biosoft International,
USA). The data were analyzed by the 2-ΔΔ t calculation method.

Western blot analysis

Western blot analysis was used to detect protein expression following previously described procedures
(Cui et al., 2019). The primary antibodies included antibodies against PKC-δ (1:500), GRP78 (1:1500),
XBP1 (1:1000), FOXO1 (1:500), ULK1 (1:500), p38 (1:500) and JNK (1:500, Wanleibio Co., Ltd., Liaoning,
China), Beclin1 (1:1000), p62 (1: 500), mTOR (1:200), Dynein (1:500) and LC3 (1:100, produced by our
lab), BNIP3 (1:500), β-actin (1:1000) and peroxidase-conjugated antibody against rabbit IgG (1:500, Santa
Cruz, CA, USA) was used as a secondary antibody. The developer was added to analyze the protein.

Statistical analysis

The data analysis was conducted using t-tests analysis with IBM SPSS for Windows (version 23; SPSS
Inc., Chicago, IL, USA). All the data were normally distributed, and the results are presented as the mean ±
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standard deviation (SD). '*' represents a statistically signi�cant difference (P < 0.05) between the control
group and the H2S group.

Results
Morphological examination of broiler jejunum

To evaluate the effect of H2S exposure on autophagy in the jejunum of broilers, the ultrastructural
changes of intestinal tissues were observed by transmission electron microscopy. In the control group
(Fig. 1A), continuous and complete cell membrane, endoplasmic reticulum, and mitochondrial structure
were observed in the intestinal tissue cells. A large number of jejunum cells in the H2S exposure group
showed cristae rupture and swelling in the mitochondrion, nuclear atrophy, reduced endoplasmic reticula
(indicated by green and blue arrows in Figure 1b), and autophagosomes increased signi�cantly (indicated
by red arrow in Figure 1b). These �ndings clearly showed H2S exposure resulted in autophagy of broiler
jejunum cells.

Results of proteomic research, and analysis of biological pathways integrated proteomics and
transcriptomics data

To clarify the effect of exogenous H2S exposure on the proteomics of jejunum tissues, we used the TMT
isotope method to detect jejunum tissue. Initially, we conducted PCA on the control group data and the
H2S group data to show the data's validity. Figure 2A showed the 2D Score Plot in the PCA of proteomics.
It can be seen from the �gure that the main separation direction of the control group and the H2S group
(there are three replicates in each group). The separation between the two groups was obvious, indicating
a signi�cant difference in the data expression. Afterward, we can further screen and analyze the data.
8746 proteins were screened according to FDR < 0.01. After a homology search of the identi�ed protein
sequences, quantitative proteome analysis was performed. The number of protein groups identi�ed with
this project was 3053, among which 2874 satis�ed screening criteria. DEPs were identi�ed according to a
threshold P-value < 0.05 and |log2 FC| > 0.585. Fig. 2B showed a heat map of 86 DEPs, 55 DEPs of which
were up-regulated and 31 DEPs were down-regulated between the control group and the H2S group. To
classify DEPS functionally, all DEPS of the H2S group and control group were labeled with GO terms. GO
terms divide the function of DEPs into three ontologies: molecular function (MF), cellular component
(CC), gene and biological process (BP). Using the GO database can identify the DEPs for the enrichment
of function analysis (AdditionalTable 1). Figure 2C showed the GO heat map related to autophagy on
proteomics. For cellular components, the major areas of classi�cation were peroxisomal matrix,
cotranslational protein targeting to membrane, and establishment of protein localization to endoplasmic
reticulum. For biological processes, the major areas of classi�cation were protein targeting to ER,
alternative mRNA splicing via spliceosome and collagen metabolic process. For molecular functions, the
major areas of classi�cation were collagen binding and protein complex binding. These results
suggested that the occurrence of changes in protein metabolism and transport after H2S exposure.
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Additionally, we used the KEGG pathway database for signi�cance enrichment analysis to obtain the
most important biochemical metabolic pathways and signal transduction pathways in which DEPs may
be involved. The signi�cantly enriched pathways identi�ed in the KEGG pathway enrichment analysis are
shown in Fig. 2D, and pathways related to autophagy such as protein export of pathway have changed
signi�cantly.

In order to better analyze the proteomics results, we performed an integrating analysis of proteomics and
transcriptomics. The Venn diagram of Figure 2E represented a total of 9 factors in proteomics and
transcriptomics with signi�cant differential expression. Most of these factors were involved in the
occurrence of ER stress and autophagy. Among them, PKC-δ was signi�cantly expressed and closely
related to the expression of other differential factors. Next, GO functional annotation and KEGG signal
pathway enrichment analysis were performed on the selected differential factors. The relationship
between GO terms was shown in Figure 2F, indicating that protein processing in ER was related to ER
stress. In addition, Figure 2G showed that the network diagram of KEGG signi�cantly enriched pathways
such as MAPK signaling pathway, FOXO signaling pathway, mTOR signaling pathway and Autophagy,
and they were closely related. Based on the above results, a gene interaction network diagram was used
to reveal the interaction between differentially regulated factors in the pathway (Figure 2H). Among them,
green globules represent the up-regulated genes, and light red globules represent the downregulated
genes. The combined analysis showed that the critical factors related to H2S exposure were related to
autophagy and ER stress. The results of protein interaction analysis using STRING for selected proteins
are shown in Figure 2I. The selected factors related to autophagy and ER stress are also closely related to
the protein level.

Detection of miR-181a and PKC-δ in the jejunum tissues of broilers

The biological prediction website TargetScan (http://www.targetscan.org/vert/) predicted that miR-181a
and PKC-δ have a targeted relationship in different animals, as shown in Fig. 3A. Therefore, to assess the
relationship between miR-181a and PKC-δ after H2S exposure, qRT-PCR was used to detect their
expression in the jejunum of broilers. The expression of miR-181a (Fig. 3B) exhibited a trend opposite of
PKC-δ (Fig. 3C). Additionally, the level of protein expression of PKC-δ, shown in Fig. 3D, was consistent
with the mRNA expression level determined by qRT-PCR. These results suggested that the targeting
relationship between miR-181a and PKC-δ was regulated by H2S.

mRNA and protein expression of ER stress related indicators in jejunum tissues of broilers

It is necessary to estimate ER stress in jejunum cells of broilers exposed to H2S. We further studied the
mRNA expression levels of ER stress-related genes, XBP1 and GRP78 in broilers exposed to H2S
increased signi�cantly (P < 0.05), as shown in Fig. 4A. However, the protein expression levels of XBP1 and
GRP78 (Fig. 4B) were consistent with the results of qRT-PCR. The results showed that ER stress had
occurred in the jejunum tissues of broilers exposed to H2S.
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mRNA and protein expression of JNK, p38 and FOXO1 in jejunum tissues of broilers

To verify the effect of upstream pathway factors on autophagy after H2S exposure, we analyzed the
mRNA and protein expression of genes related to the activation of the autophagy pathway (JNK, p38 and
FoxO1), as shown in Figure 5. The mRNA and protein levels of JNK, p38 and FOXO1 were signi�cantly up-
regulated in the jejunum of broilers under the condition of H2S exposure (P < 0.05). Among the proteins,
FOXO1 showed the highest increase in protein expression in the H2S group relative to the control group.

mRNA and protein expression of autophagy-related indicators in jejunum tissues of broilers

To further evaluate the effect of H2S exposure on the autophagy-related signaling pathways in the
jejunum of broilers, we detected autophagy-related indicators. The results of qRT-PCR showed that the
mRNA levels of Beclin1, LC3, BNIP3, ULK1 and Dynein were signi�cantly increased (P < 0.05), however,
those of p62 and mTOR were decreased (P < 0.05) in the H2S group relative to the control group (Fig. 6A).
The expression level of LC3II/I, a critical marker of autophagy, signi�cantly increased in the H2S group
relative to the control group (P < 0.05). Western blot analysis was used to determine the expression of
Beclin1, Dynein, mTOR, BNIP3, ULK1, LC3, and p62 in the jejunum of broilers. Under H2S exposure, the
protein levels of autophagy-related indicators were increased, whereas those of p62 and mTOR were
decreased (P < 0.05) in Fig. 6B. These results indicated that autophagy occurred in the jejunum of broilers
exposed to H2S.

Discussion
Kim et al. identi�ed the acute neurodegeneration of cells induced by H2S and the molecular mechanisms
by analyzing the key molecules and the molecular pathways in the broad-spectrum proteome (Kim et al.,
2018). Similarly, it has been reported that DEPs associated with autophagy death pathway by using
proteomic analysis increased signi�cantly in AS-6 treated cells, therefore, which was induced by ER stress
(Kang et al., 2012). Lindberg et al. studied the skin sensitization effects of glyphosate, the surfactant
polyethoxylated tallow amine (POEA) and two commercial glyphosate-containing formulations in human
dendritic cells (DC) - like cell lines by using multiple omics techniques (transcriptional and proteomic
analysis) (Lindberg et al., 2020). On the premise that PCA proved that there were signi�cant differences
between the control group and the H2S group. The results of our study showed that all 86 DEPs in the
jejunum of broilers exposed to H2S, 55 DEPs of which were up-regulated and 31 DEPs were down-
regulated. The most obvious change of expression through comparative analysis was in the proteins
related to autophagy and ER stress. The classi�cation, location, function and pathways of DEPs were
analyzed by the bioinformatics methods of GO and KEGG. We �nally analyze the molecular mechanism
after H2S exposure. GO terms were mainly associated with protein targeting to ER, extracellular exosome,
extracellular vesicle, extracellular organelle and peroxisomal part, which were primarily related to
autophagy and ER stress. KEGG pathway analysis of altered proteins showed that signal pathways such
as protein export played a vital role in the autophagy reaction. Our previous study analyzed the
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transcriptome changes in broiler jejunum under H2S exposure. Therefore, in this study, we proposed a
comprehensive analysis of proteomics and transcriptomics. The results showed that 9 different factors
were signi�cantly expressed in omics, and PKC-δ was closely related to the occurrence of autophagy
(Song et al., 2008). Notably, elements in GO annotations showed that protein processing in the
endoplasmic reticulum was involved in the occurrence of ER stress, and autophagy were developed by ER
stress through protein targeting to ER (Miao et al., 2020). It is worth noting that KEGG analysis showed
that different factors were signi�cantly enriched in the MAPK signaling pathway, FOXO signaling
pathway, mTOR signaling pathway and Autophagy, and these pathways were involved in the regulation
of autophagy (Thiyagarajan et al., 2016). These results con�rmed our previous hypothesis that H2S
triggers ER stress in broiler jejunum tissues and further explained the molecular mechanism of
autophagy.

H2S exposure causes changes in miRNA expression. In previous studies showed miR-20 has involved in
ammonia-induced intestinal apoptosis in broiler jejunum through the joint analysis of transcriptomics
and ceRNA hypothesis (Wang et al., 2020). Similarly, in our study, the expression level of miR-181a
decreased under H2S exposure. miR-181a is a kind of miRNA associated related to the regulation of
autophagy. In SGC7901/CDDP cells, inhibiting the expression level of miR-181a could lead to autophagy
(Zhao et al., 2016). PKC-δ-dependent signaling pathway is also an essential mechanism for inducing
autophagy in cells (Kumar et al., 2016). Chen et al. con�rmed that miR-181a has a targeting relationship
with PKC-δ in human cervical cancer cells (Chen et al., 2014). Meanwhile, the analysis of the TargetScan
website con�rmed that PKC-δ and miR-181a in broilers were highly conserved in rats, cows, horses and
other animals. And miR-181a and PKC-δ also have the same binding site. Our results demonstrated that
H2S exposure inhibited miR-181a and the expression of PKC-δ increased, con�rming that H2S exposure
caused changes in the miR-181a-PKC-δ axis in the jejunum of broilers. ER stress is closely related to PKC-
δ, and it develops following the formation of the PKC-δ-AP-l complex occurs through PKC-δ binding of AP-
l in the ER (Qi et al., 2008). ER stress is the feature by the increase of GRP78 and XBP1 (Gundamaraju et
al., 2019). Evidences suggest that ER stress also increases the level of FOXO1 expression (Kim et al.,
2019). It has been reported that p38 and JNK were activated by PKC-δ in the kidney proximal tubular cells
of mice (Pabla et al., 2011). Additionally, the level of FOXO1 expression was found to be regulated by p38
and JNK in LPS-stimulated RAW264.7 cells (Wang et al., 2018). Li et al. found that p38/JNK activated the
expression of FOXO1 in primary human aortic endothelial cells (Li et al., 2009). Our results also indicated
that H2S exposure activated PKC-δ at the mRNA and protein levels. In contrast, the expression of ER
stress-related proteins XBP1, GRP78 and p38/JNK and FOXO1 were signi�cantly up-regulated, indicating
that H2S exposure activated p38/JNK/by up-regulating PKC-δ FOXO1 axis. FOXO1 plays an important
role in autophagy (Kishino et al., 2017), inducing autophagy and cell death through the BNIP3 and mTOR
pathways (Wang et al., 2018; Valenzuela et al., 2015). In this study, we observed that the increase in
FOXO1 expression activated the BNIP3 and mTOR pathways and that the autophagy marker LC3II was
activated after H2S exposure. In MCF-7 human breast cancer cells, miR-181a increased the expression of
LC3 by inhibiting the level of mTOR, which stimulated autophagy (Tekirdag et al., 2013). Chen et al.
reported that the increased level of Beclin1 expression through PKC-δ/JNK1 signals transduction
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mechanism, which further promoted autophagy (Chen et al., 2009). Our experimental results indicated
that H2S induced the occurrence of autophagy in jejunum tissues by in�uencing the miR-181a-PKC-δ axis,
which led to autophagy by stimulating autophagy-related indicators through the BNIP3 and mTOR
signaling pathways.

Conclusion
In summary, the results of our research provided evidence that under H2S exposure 86 DEPs were
signi�cantly expressed in the broiler jejunum through proteomics analysis. The combined analysis of
proteomics and transcriptomics successfully annotated the factors into the related pathways of ER stress
and autophagy. PKC-δ is one of the key factors for differential expression under H2S exposure. It is driven
by miR-181a, causing ER stress and increasing the expression level of p38/JNK. In addition, the
expression of autophagy-related indexes LC3II/I, Dynein, Beclin1, BNIP3 and ULK1 were up-regulated,
while p62 and mTOR activities were down-regulated. These �ndings indicate that H2S exposure activates
ER stress through miR-181a targets PKC-δ, promoting autophagy in the jejunum tissue. The present study
enriches the mechanisms underlying toxic in the jejunum tissues of broilers under H2S exposure and
provides insight into the diagnosis and treatment of H2S poisoning.
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Tables
Table 1 Primer sequences involved in this experiment were used for quantitative real-time PCR (qRT-PCR)

Gene Forward primer (5 -3 ) Reverse primer (5 -3 )

β-actin CCGCTCTATGAAGGCTACGC CTCTCGGCTGTGGTGGTGAA

LC3- TTACACCCATATCAGATTCTTG ATTCCAACCTGTCCCTCA

LC3- AGTGAAGTGTAGCAGGATGA AAGCCTTGTGAACGAGAT

Beclin1 CGACTGGAGCAGGAAGAAG TCTGAGCATAACGCATCTGG

JNK CAGATAAGCAGTTAGATGAGAG GACAGATGACGACGAAGAT

PKC-δ TCTGTCCTGGCGGAGCGTTG GCACTGCCATCAGCACCTTC

XBP1 TCAGAGCGCCCGCGACAG GCAGCAGCCGTTGGTTCTCC

GRP78 GCGGGCGGACGATGAGGAG GTAGGATGGCGTGATGCGG

ULK1 ACAGACCACGAGGACCAGGATG AAGTGCCTGCCAGTGAATG

FOXO1 AACGCCTGGGGTAACCTGTCC GCACGCTCTTGACCATCCAC

BNIP3 TCAGCCCGCAGGAGGAGAAC CCACGCTGTTTCCATTGCCA

p38 GCATCAACACTCCGCTCCCTAAC GGCTGTCTTGTCGTAGGCAT

p62 GCTGATGCAGTGGAGGAAGTAGAG GGAAGCACAGATCGGCTGGAAG

Dynein AATCAGTGAGCCCACCCAGT AGCACCCAGAACCGAATC T

mTOR GGACTCTTCCCTGCTGGCTAA TACGGGTGCCCTGGTTCTG

U6 CACGCAAATTCGTGAAGCGTTC  

miR-181a AACAUUCAACGCUGUCGGUGAGU  

Figures
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Figure 1

Ultrastructural changes of broiler jejunum exposed to H2S. There were signi�cant differences in the
jejunum's ultrastructure between the control group (A) and the H2S group (B). Magni�cation 8000x. In the
H2S group, autophagic vesicles (red arrow), mitochondrial damage (blue arrow) and ER stress (green
arrow) were evident.
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Figure 2

The results of proteomic research and joint analysis of proteomics and transcriptomics. (A) Principal
Component Analysis of proteomics. (B) Heat map of DEPs selected by bioinformatics analysis in the
group exposed to H2S. (C) Heat map of enrichment of GO terms related to autophagy. (D) KEGG pathway
analysis of proteins enriched in the jejunum in the H2S group of broilers. (E) Venn diagram of proteomics
and transcriptomics combined analysis. (F) GO interaction network relationship. (G) KEGG signaling
pathway interaction network. (H) DEPs network analysis. (E) Relationships among several important
proteins in the pathway from String. Different colors correspond to different interaction types.
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Figure 3

Expression levels of miR-181a and PKC-δ in broiler jejunum under H2S exposure. (A) The TargetScan
database was used to predict the binding sites for miR-181a and the target site in the 3  UTR of PKC-δ
from different animals. (B) miRNA expression of miR-181a in the jejunum of broilers. (C, D) mRNA and
protein levels of PKC-δ. Data represent the mean ± SD (n = 3). '*' above the bars denotes a signi�cant
difference (P < 0.05) between the control group and the H2S group.
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Figure 4

Expression levels of ER stress-related indicators in the jejunum of broilers exposed to H2S. (A) mRNA
expression of ER stress-related indicators, including GRP78 and XBP1. (B) Relative protein levels of
GRP78 and XBP1. β-actin was used as an internal reference in this experiment. All the values are
expressed as the mean ± SD (n = 3). '*' above the bars denotes a signi�cant difference (P < 0.05) between
the control group and the H2S group.
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Figure 5

Expression levels of JNK, p38 and FOXO1 in the jejunum of broilers exposed to H2S. (A) mRNA levels of
JNK, p38 and FOXO1, in the jejunum of broilers. (B) Effects of H2S on the protein expression levels of
JNK, p38 and FOXO1 in the broiler jejunum. All values are expressed as the mean ± SD (n = 3). '*' above
the bars denotes a signi�cant difference (P < 0.05) between the control group and the H2S group.
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Figure 6

Expression levels of autophagy-related indicators in the jejunum of broilers exposed to H2S. (A) mRNA
levels of Beclin1, mTOR, p62, Dynein, ULK1, BNIP3 and LC3 in the jejunum tissues. (B) Effects of H2S on
the protein levels of autophagy-related indicators in the jejunum of broilers. β-actin was used as an
internal reference. Data represent the mean ± SD (n = 3). '*' above the bars denotes a signi�cant
difference (P < 0.05) between the control group and the H2S group.
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